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plate. After the film dried it was cut by a knife into sections of suitable size, 
which were floated off on to water. They were then lifted on pieces of filter 
paper and allowed to dry on the paper. The films made in this way showed no 
signs of the frilling which often occurs when they are prepared on a mercury 
surface. The slit E was placed on the ground brass plate closing the end of the 
box. This plate could be slid up and down, moving the slit parallel to itself so 
as to pick out any part of the “ spread out ” beam of a-particles. Its position 
could be read on a scale fixed to the box.

The ionization chamber F was also attached to this movable plate. It 
consisted of a closed cylinder within which were two parallel plates, one of which 
was kept at a potential of 100 volts and the other connected to a Compton 
electrometer (sensitivity 2,000 mm. per volt approx.). A thin aluminium plate 
could be moved by means of the ground joint Gr so as to cut off the beam of 
a-rays. Since the ionization current due to the a-particles was very small, the 
current due to [3- and y-rays was reduced by balancing against it the (3- and 
y-ray ionization from the nickel sheath used in activating the source. This 
auxiliary source, which decayed with the same period as the wire, was placed 
so as to ionize the air in one of the brass tubes shielding the wire leading to the 
electrometer. The brass tube was raised to a suitable potential, and the position 
of the auxiliary source adjusted at the beginning of the experiment so as to reduce 
the movement of the electrometer needle almost to zero in the absence of 
a-rays. This residual ionization current remained small, changing only very 
slightly in several hours. I t  was frequently measured and allowed for in the 
course of an experiment.

The tube H led to a discharge tube by which the nature of the vacuum 
was usually judged. The tube J  led to a liquid-air trap for mercury and 
other vapours, and thence to the pump system, consisting of two Volmer-type 
mercury diffusion pumps backed by an oil pump. Under working conditions 
practically no discharge could be seen in the tube. Tested by a McLeod 
gauge the pressure was less than two or three ten-thousandths of a millimetre 
the limit of the gauge. This was amply sufficient to avoid any disturbing 
effects of gas on the a-particles. Most of the experiments were carried out 
with liquid air surrounding the trap. However, it was found that with the 
trap at about — 10° C., or even Toom temperature, no disturbing effect of 
merpury vapour was noticed. This, of course, refers to a-particles of the 
fairly high velocities dealt with in this paper.
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160 G. H. Henderson.

Experiments.
The a-partieles were studied a t velocities ranging from 1-0 V0 to 0-4 V0, 

where V0 is the velocity of the a-particles from RaC (1*922 X 109 cm. per sec.). 
The lower limit was set by the collodion window. No attempt was made to 
detect neutral particles, which are rare even a t the lower limit of the velocities 
dealt with.

The primary object of these experiments was to determine whether the 
fraction of the a-particles which were singly-charged depended on the material 
through which the particles passed. Accordingly most of the absorbing screens 
used were either gold or mica, two substances which provided the most uniform 
thickness of foil and presented a wide difference in atomic number of their 
constituent atoms. Composite screens of suitable stopping-power were made, 
consisting of a sheet of mica on one side of which were pressed six or eight 
thicknesses of gold foil (total 3 or 4 mm. air equivalent). This screen was 
placed with its mica face towards the ionization chamber and an experiment 
carried out. The screen was then reversed with its gold face towards the 
ionization chamber and the experiment repeated. The relative effects of gold 
and mica were thus compared a t almost identical velocities. The charged 
condition of a particle on emerging from the screen depended only on the 
material comprising the last few millimetres (air equivalent) of the foil, for it 
frequently gained or lost an electron, and thus quickly established an equilibrium 
in a new material. The a-particle, so to speak, soon forgets its previous history.

This property also proved useful in measuring the ionization due to the 
different particles. The beam of singly-charged particles must have been 
changed in passing through the collodion window into a mixture of singly- and 
doubly-charged particles in equilibrium, and the same thing must have been 
true of the doubly-charged beam. Thus, no matter how different the ionizing 
powers of the two kinds of particles, the current in the ionization chamber was 
proportional to the number of a-particles passing through the window, regardless 
of their nature.

The procedure of an experiment was as follows :—The radioactive source 
was prepared and measured, then inserted in the apparatus about 20 minutes 
after removal from the emanation. The pumps were started, the magnetic 
field applied and the y~ray ionization balanced out as described above. The 
end-plate was moved so that the slit came about the middle of the singly-charged 
beam. Measurements commenced from 40 minutes to 1 hour after removal 
of the source from the emanation. The slit was set a t different parts of the 
singly-cbarged beam and the corresponding ionizations were measured.
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Then the magnetic field was reduced to exactly half strength and the doubly* . 
charged beam was measured in the same manner. I t  was found essential to 
measure the doubly-charged beam at half field, partly so as to ensure identical 
geometrical conditions, but mainly on account of the inhomogeneity of the 
beam. The widths of the two beams so measured were about equal, but the 
doubly-charged beam measured with full field was much wider, and the 
maximum intensity less, than a t half field. This decrease in intensity was, of 
course, more marked at low velocities. For instance, a t about 0*4 Y the 
maximum at full field was only about 50 per cent, of the same maximum at 
half field.

The ionization currents were corrected for decay by means of Hess and 
Lawson’s* tables. I t  is possible that the decay of the active deposit in the first 
hour may depend somewhat on the geometrical arrangement of the source 
being activated, but after the first hour the decay takes place with practically 
the period of radium B, and will in all probability be the same in all cases.

Results.
The results of two typical experiments are shown in fig. 2. The abscissae 

represent the position of the slit, measured from an arbitrary zero, and the 
ordinates the corrected rates of electrometer deflection on two different scales 
in divisions per second. Doubly-charged a-particles are designated He++ and 
singly-charged He+ ; the ratio of the numbers of doubly- and singly-charged 
particles may be written He++/He+. In fig. 2, He++/He+ for gold =  25-7, and 
for mica =  26. The velocity corresponding to the maximum of the beam in 
both cases is 0*56 V0. •

The results of a number of such experiments are shown in Table I, which 
gives values of He++/He+ and the corresponding velocities for a-particles 
emerging from mica, gold, copper, aluminium and silver, as well as from a bare 
source. These results are plotted in fig. 3. To show results on a reasonable scale, 
values of the one-third power of He++/He+ are plotted against the velocity. 
The results of Rutherford are also included.

The accuracy in these results is not high. The ionization currents are usually 
small and hard to measure. There is also the difficulty of estimating the 
maximum of the curves. The errors are greatest for both very high and very 
low velocities ; in the one case because* of the small fraction of He+, in the other 
because of the small intensity of the beam. For intermediate velocities the
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probable error may amount to 5 per cent., which may possibly be doubled at 
the extreme ends of the velocity scale.

Discussion.
From the results of Table I and fig. 3, it seems clear that the ratio of doubly- 

charged to singly-charged particles in equilibrium at any velocity is independent 
of the material through which the a-particles are passing. This seems to hold 
true within the limits of error for all the materials tested, over the whole range 
of velocity covered, viz., from Vo to 0*4 V0. Values of He++/He+ for rays 
emerging from gold, mica, aluminium, silver and copper all lie on the same 
curve within the limits of error.

From theoretical considerations Fowler* had predicted that He++/He+ for 
* Fowler, 4 Phil. Mag.,’ vol. 47, p. 416, February, 1924.
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gold should be about 2-4 times that for mica. I t  can readily be seen that such 
a difference should easily be detected in these experiments if it existed. I t is 
convenient to use the concepts of a mean free path for capture Xl5 and a 
mean free path for loss of an electron X2. Rutherford has shown that 
Xj/Xg '=  He++/He+. He has also found experimentally that X2 depends upon 
the material through which the particle is passing, being 4 to 5 times longer in 
hydrogen and 5 to 6 times longer in helium than in air. Thus X2 varies approxi­
mately inversely as the ionization per unit path produced by the a-particles 
in these gases. Rutherford has also found that X2 is approximately proportional 
to the velocity of the a-particle. The behaviour of X2 with respect both to 
material and to velocity is what might be expected in view of the correspond­
ence of loss of an electron to ionization.

From the present results it appears that Xj/X2 is independent of the material. 
We must therefore conclude that Xx varies inversely as the ionization per 
unit path, produced by the a-particle in the material. On the other hand, 
anticipating the subsequent discussion of the point, Xx varies as the third and 
higher powers of the velocity. We are thus confronted with the situation 
that whereas Xx and X2 vary in a similar manner with the material traversed, 
yet they show marked differences in their variation with velocity.

This might be explained in the following way. Before capture can take place 
the atoms of the material must be ionized. I t  would seem reasonable to 
suppose that the greater the number of electrons set free in a definite length 
of the path of a He++ particle, the greater would be the probability of capture 
of an electron. Thus we might expect Xx to vary inversely as the ionization 
per" unit path, and hence that Xx/X2 or He++/He+ should be independent 
of the material. On the other hand, without discussing the mechanism of 
capture, in which possibly the aid of a third body must be invoked, we should 
expect that the chance of capture would depend to a very marked degree upon 
the velocity of the particle. I t  is not surprising therefore that Xx should 
change rapidly with the velocity and in this respect differ very much from X2.

What follows is a short discussion of the variation of Xx/X2 with velocity. 
Rutherford expressed his results on the assumption that Xx/X2 varied as V” 
and found the average value of n =  4 • 6. On testing the present results on 
the same assumption it was found that n was not constant, but increased 
as the velocity decreased. The results were treated in the following w ay:—: 
The nineteen experimental values of X^Xg (=  He++/He+) in Table I were 
arranged in order of decreasing velocity. Taking together the 1st and 10th, 
2nd and 11th, etc., values of n were found. The first five of these ten values
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of n so found gave a mean value of n — 3 • 4, with a mean error without regard 
to sign of 0*15. The average velocity of the a-particles in this group was 
0-704 Vo- For the last group of five values of n the mean was 4*3 ± 0 -3 , 
and the average velocity 0-515 V0.

The change in n is much too great to be ascribed to experimental error. 
Furthermore, since this change seems real, part of the mean of the errors, 
which were averaged without regard to sign, must be due to this change, and 
the values of n may be more accurate than indicated above.

If the last four of the values in Table I be combined with the last four given 
by Rutherford the value of n is found to be 4 • 9 ±  0 • 3s at an average velocity 
of 0-35 Vo, in agreement with the trend of n given above. Of the remaining 
three values of He++/He+ given by Rutherford, one agrees with the present 
results, while two differ considerably, as can be seen from fig. 3.

Thus, assuming that k j  X2 varies as V”, there seems to be a regular increase 
of n as the velocity diminishes. This variation is given approximately by the 
equation:—

n =  6-4 -  4-2 Y/V0.

This expression is, of course, to be taken only as a rough expression of the 
values observed within the range of velocity covered. In view of the experi­
mental errors it does not appear profitable to find a better mathematical 
relationship between the observed values of an^ V.

Summary.
a-particles with a single positive charge have been detected by their ioniza­

tion, and the ratio of the number of doubly-charged to the number of singly- 
charged a-particles in equilibrium has been found quantitatively under various 
conditions. I t  has been found that this ratio is independent of the material 
through which the particles moved. The variation of this ratio with the 
velocity of the a-particles has been determined.

These experiments were carried out in the University of Saskatchewan, 
Saskatoon, Canada. I wish to express my gratitude to the President and the 
members of the Physics Department of that institution for their very cordial 
and generous assistance.
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